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Coupling of focused terahertz radiation into tapered metal parallel plate waveguides with sub-wavelength gap widths is presented. A line-focus terahertz time-domain spectroscopy setup with flexible foci is used to investigate coupling of broadband terahertz radiation from free-space into waveguides for different gap widths. Various waveguide lengths are compared in experiment and calculation in terms of occurring loss and divergence phenomena. Amplitude coupling ratios of 80% from free-space into the waveguides are obtained. Efficient coupling of terahertz (THz) radiation into parallel plate waveguides (PPWGs) is a desirable objective for various applications: THz waveguide spectroscopy, for example, uses the highly localized field inside a waveguide at a defined field distribution to increase the sensitivity of a measurement. [1] [2] [3] Other applications include the realization of waveguide based functional components for the THz regime like filters, 4 couplers, 5 or resonators. 6 In any waveguide application, low coupling losses are needed for an optimized system performance. Especially, for small gap widths d of typically 50 lm, as it is needed for broadband single mode behavior up to 6 THz and for a high field localization, efficient waveguide coupling is challenging. Depending on the orientation of the input beam polarization, the cutoff frequencies of the first higher order modes of a PPWG, which are excitable by an even field distribution, are defined here by f TE 1 ¼ c 2d ¼ 3 THz (with c being the velocity of light) and f TM 2 ¼ 2f TE 1 ¼ 6 THz, respectively. In our case, the electric field vector is oriented perpendicular to the waveguide surface, so that only transverse magnetic (TM) modes are excited. Often used coupling techniques apply Si-lenses to focus the THz radiation into the gap with the disadvantage of strong Fresnel loss, double pass reflections, and the necessity of time-consuming optics alignment. 5, 7 Typical overall amplitude coupling ratios into the transverse electromagnetic (TEM) mode in this case are about 20% for a 30 mm long PPWG with 50 lm plate separation. 3 Despite the important and high-resolution spectroscopic results obtained by using quasi-optic coupling based on Si-lenses, 1 this coupling ratio can be drastically improved by using adiabatic coupling without additional optics. Recently, adiabatic coupling with a linear taper of 3 slope angle showed a performance of up to 56% transmission through a 30 mm long PPWG with 100 lm gap width. 8 Tapered metal flares and a two-cylinder coupler achieved similar results with less dependence on the positioning accuracy and at a much lower geometrical size of the taper structure. 3, 9, 10 The here presented coupling process uses a similar coupling technique. Comparable to a microwave horn antenna, the free space beam extent is adiabatically reduced to fit the gap width of the waveguide. Thereby, the wave impedance is smoothly transformed from the free space value to match the wave impedance inside of the PPWG. This guarantees low reflection losses at the entrance and exit side of the waveguide. Additionally, in the presented approach, the THz beam profile is modified for an improved performance. Instead of using a collimated beam with a typically frequency dependent spot size of 1 cm at 1 THz, the THz radiation is focused in one dimension.
Coupling into the waveguide with this modified profile adapts the beam properties to the typical drawbacks of the 1-dimensionally guiding PPWG, which are the divergence of the beam in the unguided dimension on one hand and the small input aperture in the guided dimension on the other hand. To avoid additional divergence in the unguided plane, the THz spot size in the non-focused dimension is kept as large as possible. Focusing the radiation in the guided plane before coupling into the waveguide, however, has two advantages: First, the radiation is already more concentrated at the optical axis and thus already has a smaller lateral beam extent before reaching the waveguide. The degree of field compression by the waveguide can be lower and so the inherent coupling loss effects (reflection and ohmic loss) are reduced. Second, the curved phase fronts of the focused THz beam, whose beam profile can be regarded as a Gaussian beam, are better matching the phase fronts of the waveguide mode in the taper region (see Fig. 1(c) ) than the almost plane phase fronts of a collimated beam. Finally, there is also a plane phase front in the focus plane which can be aligned to coincide with the beginning of the parallel part of the waveguide. These properties promise high coupling ratios with compact taper structures.
The applied waveguides in this experiment are designed correspondingly to the cylindrical waveguide coupler in Ref. 50 mm and cylindrical tapers with a radius of curvature of 32 mm on each side are investigated, respectively (see Fig. 1 ). The lateral width of the waveguides is 28 mm, comparable to other typical PPWG geometries. The gap between the metal plates can be individually controlled by using different spacer elements with a thickness of 50 lm, 100 lm, or 150 lm. The surface roughness of the waveguide wall, determined with a profilometer, is given to R a < 0:5 lm.
A fiber based THz-TDS (time-domain spectroscopy) system 11 is used to focus the THz radiation into the waveguides with the help of a setup of four parabolic mirrors (see Fig. 2 ). For reasons of clarity, the parabolic mirrors are represented by lenses in the schematic. The two mirrors that create the focus (rectangular lenses in Fig. 2 , horizontal view) are custom-made aluminum mirrors which are parabolically shaped in only one dimension, so that the THz beam remains undistorted in the other dimension. This creates a line focus parallel to the gap of the waveguide. Figure 2 shows the beam path with the parabolic mirrors in a vertical and horizontal view, illustrating the guided and the unguided plane, respectively. Working with a line focus instead of a point focus offers the advantage that the divergence of the beam in the unguided dimension of the PPWG can be reduced to a minimum. When travelling through an extended PPWG, a 2-dimensionally focused beam would otherwise suffer from strong amplitude loss due to this effect. The divergence inside the waveguide can be modeled by a 1-dimensional Gaussian beam. Energy conservation determines the amplitude A(z) to decrease in the direction of propagation (here z) due to the increasing modal area which is linearly depending on the beam radius w(z):
with w 0 ¼ 1:5 mm and A 0 being the measured beam waist and the amplitude at the THz focus, respectively, and x ¼ 2p Á 500 GHz being the main frequency of the THz Signal. 50 mm of propagation inside the waveguide leads to a calculated amplitude loss factor of 0.48. In the case of a line focus with a lateral beam width of about 20 mm, on the other hand, the calculated amplitude loss factor is 0.9999, showing that especially in the case of the 50 mm long waveguide 1-dimensional focusing increases the output signal significantly despite of the extended waveguide length.
To be able to analyze extended waveguide structures additionally, the position of the focus has to be freely adjustable in space. Therefore, fiber coupled THz heads have to be used. They offer the freedom of changing the position of an emitter module and a detector module and so the location of the THz focus independently (see Fig. 2 ). Defined by the used THz technology, the spectrum of the system has its maximum at 500 GHz and a bandwidth of about 1.5 THz. 12 The effect of water absorption is eliminated in the measurements by purging the measurement chamber with dry air. With emitter and detector module placed at an optimized position according to the length of the waveguides (with the focus of the THz beam at the entrance of the parallel part of the waveguide), the TEM-mode of the waveguide configuration is excited. This guarantees negligible dispersion effects and a maximum of usable THz bandwidth. Figure 3 shows the results of the measurements for the three waveguide lengths with gap widths between 50 lm and 150 lm, respectively. The results are normalized to a reference measurement without waveguide so that the relative overall amplitude transmission of the corresponding waveguide is represented. For the reference measurement, the distance between emitter and detector module is optimized to maximize the THz signal amplitude. The same distance is reused for the waveguide with the length of 0 mm and correspondingly adapted for the extended waveguides. The modulation of the presented spectra is caused by phase front distortions due to limited imaging capabilities of the custom-made mirrors and is not an effect of the waveguides. Compared to the reference signal without waveguide, the overall amplitude coupling ratio measured with the waveguide of length 0 mm is at least 80% even at a gap width of 50 lm, a value that is higher than any other so far reported coupling ratio for a similar configuration. Coupling ratios >1 can result from imperfect alignment of the reference signal at high frequencies, which allows that for these frequencies the waveguide output is imaged more successfully onto the detector, due to frequency dependent coupling and divergence. The alignment for maximum signal amplitude leads to an optimization at the system frequency of 500 GHz in all measurements.
Besides coupling, the signal on the detector side is influenced by two major effects: there is ohmic loss in the metallic waveguide surface and divergence in the unguided dimension of the PPWG. The effect of divergence is expected to be negligible in the applied configuration, but the ohmic loss is still present and explains the comparably low coupling ratios of the extended waveguides. Assuming a DC conductivity of aluminum of r 0 ¼ 3:774 Á 10 7 Sm À1 at room temperature, 13 the amplitude attenuation constant a, which represents the waveguide loss, is calculated to a ¼ 14 Depending on the surface roughness, however, the effective conductivity of the waveguide surface will be lower than r 0 ¼ 3:77 Á10 7 Sm À1 . 16, 17 This explains even higher values of the transmission loss observed in our measurements.
As the attenuation constant a is linearly decreasing with the gap width d, the influence of the gap width onto the coupling ratio is examined. Gap widths of 50 lm, 100 lm, and 150 lm are compared. The evaluated results for 500 GHz are summarized in Table I . The values in brackets show the calculated amplitude loss factor according to the surface resistance model for the two waveguide lengths and for different gap widths. The other entries show the corresponding measured values, each normalized to the result of the waveguide of length 0 mm to eliminate the influence of coupling loss. Although the measured values of the amplitude loss are about 10% higher than the predicted values, the coupling ratios change according to theory, which proves that also in the case of extended waveguides very good coupling ratios are achieved. The drastic drop of the coupling ratio at about 1.5 THz in Fig. 3 is assumed to be an effect of the applied spectrometer and is not representing the actual value. Furthermore, the experiments show that in the presented configuration ohmic loss is the dominant factor limiting the transmission. In an application a trade-off between high field localization, waveguide length and necessary signal to noise ratio has to be found.
Compared to previously presented coupling techniques using the adiabatic compression of the THz beam, the overall transmission is significantly increased. The two-cylinder coupler in combination with a collimated beam reached a coupling ratio of 0.18 with a gap width of 100 lm and a waveguide length of 0 mm, 10 while the linearly tapered PPWG with 3 slope angle achieved a coupling ratio of 0.56 with the same gap width, but with 30 mm waveguide extension, 8 taking into account ohmic loss by corresponding normalization. It should be also mentioned that the main frequency of these experiments was about 1.3 THz and 1 THz, respectively, compared to 500 GHz in our case.
It was shown that using 1-dimensionally curved focusing parabolic mirrors is a suitable approach to increase the transmission through tapered parallel plate waveguides. The overall amplitude coupling ratio of at least 80%, realized by the two-cylinder coupler, is an important step towards efficient waveguide coupling. Compared to previous reports unprecedented coupling ratios are achieved. Future steps include the improvement of the THz optical system to reduce the modulation and to increase the available bandwidth. More complex systems and applications will demand also 2-dimensional waveguides, which present another way to eliminate the inherent problem of divergence in 1-dimensional waveguides. On the other hand, this will be accompanied by even higher loss and more complex coupling techniques.
